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Abstract— Series elastic actuators (SEAs) are growingly im-
portant in physical human-robot interaction (HRI) due to
their inherent safety and compliance. Cable-driven SEAs also
allow flexible installation and remote torque transmission,
etc. However, there are still challenges for the impedance
control of cable-driven SEAs, such as the reduced bandwidth
caused by the elastic component, and the performance balance
between reference tracking and robustness. In this paper, a
velocity sourced cable-driven SEA has been set up. Then, a
stabilizing 2 degrees of freedom (2-DOF) control approach was
designed to separately pursue the goals of robustness and torque
tracking. Further, the impedance control structure for human-
robot interaction was designed and implemented with a torque
compensator. Both simulation and practical experiments have
validated the efficacy of the 2-DOF method for the control of
cable-driven SEAs.
I. INTRODUCTION
Physical human-robot interaction has become significantly
more important in recent years and is now a major focus
in robotics and control. Safety and compliance should be
considered in its design process. SEAs, first introduced in
[1], show a number of benefits, such as great shock tolerance,
accurate and stable force control, safety and energy storage,
etc. Thus, SEAs have been widely employed in various
physical human-robot interaction applications to improve
safety and compliance [2]–[4].
Cables with low weight to length ratio can change the
force direction intentionally and easily, enable torque trans-
mission to a remote distance with less energy loss and space
occupation [5], [6], and allow detachment of the actuation
motor from the robot frame [7]. Besides, cable actuation
can be a safe solution in human-robot interaction due to
its unidirectional force constraint and property of breaking
when the tension exceeding a certain threshold. Thus, Many
physical human-robot interaction applications have adopted
cable actuation for force or torque transmission [7]–[9]. A
cable-driven SEA can combine the advantages of SEA and
cable actuation.
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SEAs are initially designed to output a desired torque.
Different torque control methods have been developed to
achieve high performance for different SEAs. In [10], Robin-
son introduced a PID control method to explicitly illustrate
the concept and performance of SEAs. Subsequently, a lot
of researchers have made important contribution to PID
based SEA control [7]–[9], [11], [12]. In [3], [13], [14],
disturbance observer (DOB)-based control methods have
also been adopted to enhance robustness. Wyeth proposed a
cascaded torque control method with an inner velocity loop
to overcome nonlinearity problems [12].
Impedance control is a fundamentally important strategy
to regulate the system compliance, especially for physical
human-robot interaction. The impedance value in one sense
represents the dynamic relationship between the interaction
force/torque and the motion. Different impedance values are
needed for various interaction tasks with different people.
A torque-impedance cascaded control structure has been
applied [9], [11] and achieved good performance.
Horowitz revealed that the conventional 1-DOF control
configuration was unable to cope with the two problems of
achieving a desired tracking and attaining good robustness at
the same time, but the 2-DOF control structure could achieve
these two goals simultaneously [15]. The reason is that the
2-DOF control structure provides an independent way to
optimize disturbance/noise rejection and improve tracking
response. Theories and practice about the 2-DOF control can
be found in [16]–[18]. Detailed simulation results of torque
control using the 2-DOF control method for a cable-driven
SEA have been presented in our previous work [19].
In this paper, we design the torque controller using the
2-DOF control structure to track torque reference signal,
eliminate disturbance and noise, and further, to improve
bandwidth. The impedance control structure for human-robot
interaction is then designed based on the 2-DOF torque
controller and implemented with a compensator.
The paper is organized as follows. Section II describes the
hardware platform and modeling of the designed cable-driven
SEA. Details of the controller design are given in Section III.
Simulation, practical experiments and results are presented
in Section IV. Finally, Section V concludes the paper.
II. THE CABLE-DRIVEN SERIES ELASTIC ACTUATOR
A. Mechanical Structure
A cable-driven SEA is illustrated in Fig. 1. Its realized
prototype is shown in Fig. 2. It is a 1-DOF platform for
physical human-robot interaction [20].
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Fig. 1. The structure of the cable-driven SEA platform: (1) cable for
transmission; (2) DC motor, including a reduction gear head and a rotary
encoder; (3) linear springs as the elastic components; (4) handle for human-
robot interaction; (5) sliding guide; (6) magnetic linear encoder to measure
the displacement of the slider, including a reading head and a magnetic tape
attached parallely to the sliding guide; (7) cable winch; (8) pulleys for cable
transmission and redirection.
 
 
 
  
Fig. 2. The prototype of the cable-driven SEA platform: (1) servo controller
for the DC motor; (2) data acquisition board; (3) Simulink Real-Time target
computer; (4) scopes to display the data in real-time; (5) host computer.
A DC brush rotary motor (Maxon RE30 60W 24V) is used
as the velocity source. The motor has a MR-228452 500CPT
incremental encoder mounted and a GP32A 14:1 planetary
gear head installed on its output shaft. The motor velocity
is managed by a servo controller (Escon 50/5 409510). Both
sides of the handle are connected to the motor in a cable-
spring series structure. The handle is mounted at a slider
and can move along the guide by cable transmission or
human arm motion. The two cables are redirected by the
pulleys and wrapped around the winch. The two springs
have an initial length of 87.7 mm, and can be extended to
the maximal length of 224.7 mm. They are pretensioned to
half of their maximum displacement range. There is also
a slider at each conjunction of the springs and the cables.
The displacement of the handle and the deformations of the
two springs are measured by three magnetic linear encoders
(MLS105) mounted at each slider, with the precision of 5
µm. The length of the sliding guide is 60 cm, which is
sufficient for the linear movement range of the upper limb.
Control of the actuator and data acquisition of the sensors
are realized by a MATLAB/Simulink Real-Time Target Sys-
tem running on a standard computer. A data acquisition board
(HUMUSOFT MF634 PCI-Express multifunction I/O card)
is inserted into the PCI-Express x1 slot of the target computer
to send the velocity command as analog signal to the
motor servo controller and receive the encoder readings. The
control algorithm is implemented with MATLAB/Simulink,
compiled in the host computer, downloaded to the target
computer and runs there in real-time.
B. System Modeling
The schematic diagram is shown in Fig. 3. The dynamics
of the interaction system can be described by the following
two equations:
τA − τL = JAϕ¨A + bf ϕ˙A (1)
τL = Ks(ϕA − ϕL) (2)
Where, the variable τL, which equals to interaction torque
τs, is the output torque acting on the load. ϕA and ϕL are the
displacements of the motor and load. Ks is the equivalent
stiffness of the two springs. JA represents the reflected inertia
of the motor. bf is the reflected damping of the viscous
friction of the system. All parameters and variables are
converted from translational to rotational motion with respect
to the cable winch.
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Fig. 3. Schematic diagram of the cable-driven SEA system
Here, we let ϕL = 0, substitute (2) into (1), then, τL(s)
can be obtained as:
τL(s) =
Ks
JAs2 + bfs+Ks
τA(s)
To design a well performing SEA, the DC motor is used as
the velocity source of the actuator. The reason is that velocity
control can overcome some undesirable effects caused by
motor internal disturbance. The schematic diagram of a
velocity sourced cable-driven SEA is shown in Fig. 4. The
velocity feedback regulated by a well tuned PI controller
forms a stable closed loop so that the DC Motor system can
track the reference velocity signal quickly and accurately.
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Fig. 4. Schematic diagram of a velocity sourced cable-driven SEA
Then, the dynamic relationship between ωd(s) and τL(s)
can be written as:
τL(s) = P (s)ωd(s) +G(s)ϕL(s),
where:
P (s) =
KsKpvs+KsKiv
JAs3 + (bf +Kpv)s2 + (Ks +Kiv)s
(3)
and
G(s) = −JAKss
2 + (Ksbf +KsKpv)s+KsKiv
JAs2 + (bf +Kpv)s+ (Ks +Kiv)
.
III. CONTROLLER DESIGN
A. Parameterization of All Stabilizing 2-DOF Controllers
A closed loop system using the 2-DOF approach to
stabilize the plant P (s) is shown in Fig. 5 [17]. It has
two inputs r and y instead of one input in the 1-DOF
control structure. The controller C(s) can be denoted as
C(s) =
[
C1(s) C2(s)
]
. It can independently deal with
the tracking and disturbance/noise rejection problem for any
P (s) with P (0) 6= 0.
r
( )C s ( )P s
u v
d
z
ny
Fig. 5. The 2-DOF control configuration
The four transfer functions from r to the internal variables
u, v, y, z are: 
C1(s)
1 + P (s)C2(s)
C1(s)
1 + P (s)C2(s)
P (s)C1(s)
1 + P (s)C2(s)
P (s)C1(s)
1 + P (s)C2(s)

(4)
The eight transfer functions from d, n to u, v, y, z are:
−P (s)C2(s)
1 + P (s)C2(s)
−C2(s)
1 + P (s)C2(s)
1
1 + P (s)C2(s)
−C2(s)
1 + P (s)C2(s)
P (s)
1 + P (s)C2(s)
1
1 + P (s)C2(s)
P (s)
1 + P (s)C2(s)
−P (s)C2(s)
1 + P (s)C2(s)

(5)
According to (5), the transfer dynamics from d(t), n(t) to
u(t), v(t), y(t), z(t) are determined by the controller C2(s).
Once the controller C2(s) has been designed, the transfer
dynamics from r(t) to u(t), v(t), y(t), z(t) will only depend
on the controller C1(s).
Let
P (s) =
b(s)
a(s)
=
b1s
n−1 + · · ·+ bn
a0sn + a1sn−1 + · · ·+ an ,
where a(s) and b(s) are coprime and a0 6= 0. Let
C0(s) =
q(s)
p(s)
=
q0s
m + q1s
m−1 + · · ·+ qm
p0sm + p1sm−1 + · · ·+ pm ,
where p(s) and q(s) are coprime and p0 6= 0, be any
stabilizing controller, i.e., c(s) = a(s)p(s) + b(s)q(s) is
stable. Factorize c(s) as c(s) = f(s)h(s) such that deg
f(s) = n and deg h(s) = m. Let
M(s) =
a(s)
f(s)
, N(s) =
b(s)
f(s)
, X(s) =
p(s)
h(s)
, Y (s) =
q(s)
h(s)
.
Then, M(s), N(s), X(s) and Y (s) are all stable transfer
functions satisfying
P (s) =
N(s)
M(s)
, C0(s) =
Y (s)
X(s)
,M(s)X(s)+N(s)Y (s) = 1.
Theorem 3.1: The set of all 2-DOF controllers that give
stable closed-loop systems is{
C(s) =
[
Q1(s)
X(s)−N(s)Q2(s)
Y (s) +M(s)Q2(s)
X(s)−N(s)Q2(s)
]}
,
where Q1(s) and Q2(s) are two arbitrary stable systems [16].
If one stabilizing controller was found, then all other
stabilizing controllers could be obtained. Systematic design
for stabilizing 2-DOF H2-optimal controller is given as the
following steps [18]:
Step 1 : Denote P (s) as the form
P (s) =
b(s)
a(s)
=
b1s
n−1 + · · ·+ bn
a0sn + a1sn−1 + · · ·+ an ,
where a(s) and b(s) are coprime and a0 6= 0.
Step 2 : Find a stable polynomial dρ(s) called spectral
factor such that
ρ2a(−s)a(s) + b(−s)b(s) = dρ(−s)dρ(s),
where ρ is a positive number used to give a relative
weight to u(t) and tracking error e(t).
Step 3 : Find a stable polynomial dλ,k(s) such that
k2a(−s)a(s) + λ2b(−s)b(s) = dλ,k(−s)dλ,k(s),
where λ is a positive number used to give a relative
weight to d(t) and r(t) and k is a positive number
used to give a relative weight to n(t) and r(t).
Step 4 : The feedback part of the optimal controller
C2(s) = q(s)/p(s) with the same order as the
plant is the unique strictly proper and type 0 pole-
placement controller such that
a(s)p(s) + b(s)q(s) = dρ(s)dλ,k(s)
Step 5 : The feedforward part of the optimal controller is
C1(s) =
dρ(0)
b(0)
dλ,k(s)
p(s)
.
If ρ < 1, the system will achieve better tracking per-
formance with more energy, vice versa; If λ > k, the
system will achieve better disturbance rejection, otherwise,
it achieves better noise rejection. It makes a tradeoff be-
tween reference tracking, disturbance rejection and energy
consumption minimization by adjusting the parameters ρ, λ
and k to receive a desired performance.
B. Torque Control with the 2-DOF Structure
The structure and its construction process for torque
control with a 2-DOF controller and a feedforward compen-
sator are presented in Fig. 6. Firstly, a 2-DOF controller is
designed to track the torque reference when the load is fixed
as shown in Fig. 6 (a). If the influence caused by human-
robot interaction is taken into consideration, that is to say,
ϕL(s) is not equal to zero, then, τL(s) can be obtained as:
τL(s) = G1(s)τd(s) +G2(s)ϕL(s) (6)
where:
G1(s) =
P (s)C1(s)
1 + P (s)C2(s)
, G2(s) =
G(s)
1 + P (s)C2(s)
Under these conditions, the output torque τL(s) can’t
track the desired torque τd(s) very well, because the system
always has steady state error caused by ϕL(s). However, this
error can be eliminated by a feedforward compensator CL(s)
presented in Fig. 6b. Let:
CL(s) = G2(s)
Then, there is:
τL(s) = G1(s)[τd(s)− CL(s)ϕL(s)] +G2(s)ϕL(s)
= G1(s)[τd(s)−G2(s)ϕL(s)] +G2(s)ϕL(s)
= G1(s)τd(s) + [1−G1(s)]G2(s)ϕL(s)
(7)
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Fig. 6. Torque cascaded control principle based on the 2-DOF method.
Cτ consisting of C1 and C2 denotes the 2-DOF controller. Disturbance
d, noise n and motor saturation (threshold is ±50 rad/s) are all taken into
consideration. (a) The torque controller is designed under the condition of
load fixed (ϕL(s) = 0). (b) An additional compensator CL(s) is designed
to minimize the effect caused by interaction force.
If the torque controller Cτ (s) is ideal (G1(s) ' 1), (7) is
reduced as τL(s) ' τd(s). Therefore, exact torque control is
achieved with a 2-DOF controller Cτ (s) and a feedforward
compensator CL(s). Also, the disturbance d and noise n are
rejected by the 2-DOF controller Cτ (s).
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Fig. 7. Impedance control for the cable-driven SEA. Id is the desired
virtual impedance, and ϕL,d is system reference position.
C. Impedance Control for Human-Robot Interaction
Fig. 7 shows the block chart of the cable-driven SEA
embedded in an impedance control loop. The impedance
controller regulates the relation between handle motion ϕL
and resulting torque τL. There, we only focus on virtual
stiffness control, and ignore virtual inertia, virtual damping
from virtual impedance. That is to say, Id is the desired
virtual stiffness, which is proportional to Ks. For the applied
handle motion, it specifies the value of desired torque τd. The
torque controller implements that output torque τL tracks the
desired torque τd satisfactorily. If τL(s) ' τd(s), then,
τL ' τd = Id (ϕL,d − ϕL) .
When the system reference point is set to zero, there is
τL ' τd = −IdϕL.
IV. EXPERIMENTS AND RESULTS
A. Simulation and Results
The cable-driven SEA parameters shown in Fig. 2 are
listed in Table I. JA and bf are identified using MATLAB
System Identification Toolbox. The velocity controller pa-
rameters Kpv,Kiv were tuned as 0.0457 Nm/(rad/s) and
1.3455 Nm/(rad/s).
TABLE I
CABLE-DRIVEN SEA PARAMETERS
Reflected total inertia JA 6.90× 10−4kg ·m2
Coefficient of viscous friction bf 0.0059Nm/(rad/s)
Stiffness of double spring Ks 2× 0.0242Nm/rad
Radius of cable winch r 7.25mm
Ratio of gear head Kg 14 : 1
Substituting those parameters into (3), there is:
P (s) =
3.204s + 94.34
s3 + 74.88s2 + 2021s
According to the design procedures in Section III-A, the
parameters ρ, λ, k determining the 2-DOF controller were
chosen as 0.0005, 1 and 1. Then, the 2-DOF torque controller
for the cable-driven SEA is given as:
C1(s) =
6.90 · 10−4s3 + 0.0517s2 + 1.40s+ 0.0651
3.45 · 10−7s3 + 5.07 · 10−5s2 + 0.00346s+ 0.0651
C2(s) =
3.22 · 10−5s2 + 0.00241s+ 0.0651
3.45 · 10−7s3 + 5.07 · 10−5s2 + 0.00346s+ 0.0651
The simulation results of impedance control presented in
Fig. 7 were shown in Fig. 8. System reference point ϕL,d
was set to zero and the handle motion caused by upper limb
was set as a sinusoidal signal with a frequency of 2Hz. From
the results, the output torque τL tracked the desired torque
τd satisfactorily in different virtual stiffnesses changing from
0.2Ks to 1.4Ks.
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Fig. 8. Simulation results of impedance control for different virtual
impedances.
B. Experiments and Results
The realized prototype of the cable-driven SEA in Fig. 2
was used to further verify the performance of the 2-DOF
torque controller and the impedance control.
In the first experiment, the load was fixed at the system
reference position. To compare the 2-DOF controller with
a conventional one, a PI torque controller was tuned as
Cτ (s) = 204 + 111
1
s . The torque reference signal was
set to a sinusoidal signal with a magnitude of 0.033 Nm
and a frequency of 2 Hz, and an extra white Gaussian
noise with a variance of 0.01 was added into the torque
feedback channel. As shown in Fig. 9, both of the two control
methods tracked the reference very well. However, the 2-
DOF controller reacted to noise more quickly and showed
better noise rejection.
In the second experiment, the torque reference signal was
set to a chirp signal with frequencies ranging from 0 to 5Hz
and a magnitude of 0.033 Nm. The tracking results of the
2-DOF method was illustrated in Fig. 10. The bode plots
of theoretical closed-loop transfer function and experimental
estimated were plotted in Fig. 10. A bandwidth of 17 Hz with
a phase lag of 130◦ at this cutoff frequency was achieved.
In the third experiment, the handle was moved along the
guide by human in different frequencies. The virtual stiffness
changed from 0.2Ks to 1.4Ks. The results were shown in
Fig. 11. Applying an instantaneous load motion to test the
stability of the system, it resulted in decaying oscillations of
the slider as shown in Fig. 12. It can be seen that with the
designed 2-DOF force controller, the impedance controller
2.5 
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Fig. 9. Experiment results of tracking a sinusoidal signal using the two
methods. (b) and (c) are the plots of ωd of the two methods respectively.
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Fig. 10. Experimental results of tracking a chirp signal using the 2-DOF
method. The bode plots of the estimated closed-loop transfer function and
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impedance.
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Fig. 12. An instantaneous load motion resulting in decaying oscillations.
and the compensator, virtual stiffness ranging from 0.2 to
1.4 times of the physical spring stiffness Ks can be realized.
V. CONCLUSION
This paper has demonstrated the efficacy of the 2-DOF
control approach for the challenging torque control and
impedance control problem of a cable-driven SEA. The 2-
DOF torque controller performed well in the presence of
noise, disturbance, motor saturation and modeling uncertain-
ties. Experimental results demonstrated that the 2-DOF con-
troller brought better robustness than the PI controller. It is
convenient to adjust these competing performances. Further,
the impedance controller for human-robot interaction was
designed and implemented with a torque compensator. Both
simulation and experiments have validated the efficacy of the
2-DOF control structure for the cable-driven SEA system.
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